INTRODUCTION
Determination of integral quantities from resonance parameters until now has been performed separate from the resonance parameter analysis. First, theoretical cross sections had to be calculated from the resonance parameters and stored. From those values the integral quantities were typically generated via Simpson's rule or other integration algorithm. The integral tests were usually performed by evaluators other than the resonance parameter evaluators. Additionally, parameter uncertainties were used to determine the uncertainty on the calculation of the integral quantities. However, that determination was inherently flawed because covariances on the parameter values were not included. This deficiency has now been corrected, and it is now possible to automatically adjust parameter values (within the confines of the covariance matrix) to provide a set of parameter values and covariances that fit both the differential and the integral data. It is the purpose of this report to describe the implementation of such a procedure within the analysis code SAMMY. * In Sect. 2 the basic procedure for analysis (fitting) of any type of data is outlined. Section 3 describes the specific hctions that are currently included as part of the SAMMY code; algebraic details are given in Sect. 4. In Sect. 5 is a discussion of the application of this technique to the analysis of 235U. Concluding remarks are in Sect. 6. Appendix A is a description of techniques used within SAMMY for the calculation of expressions that can lead to numerical difficulties if not done carefblly. Appendix B is essentially those pages for the next revision of the SAMMY manual which document how SAMMY users can access this technique.
BACKGROUND
Analysis of (microscopic or differential) neutron cross section and neutron transmission measurements involves the use of sophisticated computer models (e.g., SAMMY) to determine those values for the resonance parameters which provide the best fit of theoretical calculations to experimental measurements. The computer models incorporate the following steps:
2. Maxwellian average at thermal energy.3 This quantity is defined with somewhat different normalization from that used for calculation of stellar averages (see Sect. V.F of the SAMMY manual), that is, as whereEl= 10"eVandEZ=3eV.
3. Westcott's g-fa~tor,~
Resonance integral!
in which E = 0.5 eV, and E , and XllX are specified by the user. (However, in the case of E , = 20 MeV, XqX is assumed to be zero.) 5. Average integral, 6. Watt spectrum average: in which the upper limit E = 20 MeV. The Watt fission spectrum ( E ) is given by the function @ ( E ) = s i n h ( m ) = e -E 1 a ( e 6 -e -6 ) / 2 .
(7)
Here a and b are constants to be supplied by the user. For U235 values of a and b are 0.988 MeV and 2.249 MeV", respectively.
~1 , 4
where v is a constant provided by the user.
8.
Alpha, or u ,~
The equations shown above determine the value of the integral quantity itself; what is not shown, but is included in the computer code, is the calculation of the derivatives of the integral quantities. These are found in an identical manner, substituting the derivative for the cross section wherever it appears within the equations.
ALGEBRA FOR EVALUATING INTEGRALS
The integrations shown in Eqs. (1-9) of Section 3 can be evaluated in the following manner: First, the range of integration is divided into short regions, each region bounded by adjacent energy points from SAMMY'S "auxiliary grid." This grid is chosen sufficiently dense such that the cross section between adjacent points is very nearly linear (or, for low energies, proportional to 1 / fi plus a constant). The value for the entire integral is then the sum of the integrals over the individual energy regions, with each individual region evaluated explicitly as described below. Note that the subscript x on the cross sections has been deliberately omitted, for convenience's sake. In fact, the discussion below applies not only to the cross sections as stated explicitly, but also to the partial derivatives of the cross sections.
1. Thermal cross section. No integrations necessary.
Maxwellian
In the thermd region (low-energy region in which the cross section is monotornically decreasing), u may be expanded in the form The numerator of Eq. (1 0) is then found from Eq. (1 8) and (23) by summing over all energies. The denominator can be evaluated directly as
E2
EdEO
which, in the limit of small E , and large E , , is equal to E , .
3. Westcott's g-factor. No additional integrations needed.
The resonance integral is defined as
d E I = f E U ( E ) -+ X4 .
E3
In the thermuZ regions the cross sections can again be approximated by Eqs.
( 1 1) and (12), giving
in which we have again defined Vi as K. Similarly, for the nonthermd regions Eqs.
( 1 9) and (20) apply, and the contribution to the resonance integral from that range is then
This expression can be rewritten to give coefficients of the cross sections as
In -
The resonance integral is then the sum over all energy intervals, using Eq. (26) for small energies and Eq. (28) for large. Note that the normalization on this integral is unity.
The expressions in Eqs. (26) and (28) are written in such a form as to be amenable to accurate calculation, even for the case where the two energies are relatively close to each other. Details are given in Appendix A.
Because the integration limits for the resonance integral are finite, it is possible that the integrand does not reach zero at those limits; this situation is especially likely at the lower limit, where the cross section may be exhibiting 1N behavior. Therefore care must be taken to ensure that the limits are reached exactly. If Eli+, represents that point from the SAMMY auxiliary energy grid directly above E3, and if the cross section is decreasing at this energy &e., in thermal regions), then the contribution from that region is If the cross sections do not exhibit "thermal" behavior (e.g., if they are increasing with energy), then the contribution from the lowest-energy region is Similarly, the contribution from the interval at the upper end of the integration range can be approximated as
E t i t l -E ' , E t i E'i+l -E',
-( E 4 -E t i )
The average integral was defined as
In the thermal region, contributions to tliis integral (numerator only) have the form
Similarly, in the nonthermal region, the cross section between adjacent grid points can be assumed to be linear in energy and given by Eqs. ( 17) and (1 8). The contribution to the average integral for two such points is then
6. The Watt spectrum average is defined as
where @ ( E ) has the form (34) (3 5 )
In the thermal region, the cross section has the form given by Eqs. (1 1) and (12). Making these substitutions and setting E = V 2 give the integral over the ith energy region for the numerator of Eq. ( 3 9 , This expression can be written as the sum of two terms which differ only by signs, 
E ' , + , -E',
In this form the expressions can again be accurately evaluated, even for small energydifference denominators. Details are given in Appendix A.
Finally, the denominator of Eq. 
APPLICATION TO 235U
In the evaluations for ENDF/B-5,6 the 235U cross-section representation was given by pointwise values for low energy up to 1.0 eV, rather than as a resonance parameter representation. Above 1 .O eV the cross-section representation was given by the single-level Breit-Wigner formalism, which does not account for the long-range strong interference effects in the fission channels and therefore impacts the cross section representation at thermal energy. For ENDF/B-6 (see Ref. 7), the situation was greatly improved by using the reduced R-matrix Reich-Moore formalism for cross-section representation. In the present evaluation of Leal et a1.* it has been possible to reproduce the shape of the cross sections accurately everywhere, from a few eV into the keV energy region. Although earlier evaluations included only microscopic data in the fitting process, Hardy4 has recommended using both experimental microscopic data and experimental integral data for fitting. For the present 235U evaluation both microscopic and integral data are being used.
For the resonance parameter analysis of 235U, cross sections in the thermal-energy region and integral data are important for the calculation of thermal power reactors and for the interpretation of thermal critical benchmark experiments. Three integral quantities for which experimental measurements exist have therefore been included in the new analysis. Thermal parameters obtained in the present evaluation, first by using the microscopic experimental data only and secondly by also including the integral data, are compared to the SAMMY input experimental data in Table 1 . In the fit of the microscopic data only, a strong constraint was put on the standard values, but the calculated values for the Westcott factors and for K1 are too small. By including the integral data in the fitting process, excellent values are obtained for gf, g, and K1; the fission cross section at thermal (0.00253 eV) is a little higher than the standard and the capture cross section a little lower, but both remain within the accuracy of the standard values. 
CONCLUDING COMMENTS
This report has documented a capability that permits analysis of resonance parameters by fitting to both microscopic and integral quantities. The R-matrix analysis code SAMMY has been upgraded to incorporate this capability. Application of the methodology to the evaluation of the 235U cross sections was discussed; results of the analysis are in good agreement with both the microscopic and the integral results. Other integral quantities will be incorporated into SAMMY as the need arises.
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APPENDIX A. DETAILS OF THE NUMERICAL CALCULATIONS
Evaluation of the integral quantities described in this report require numerical integration methods in which part of the integrand is known analytically (e.g., a Guassian function) and part is known on a fixed grid (e.g., the cross sections). The numerical portion must be interpolated to give values between the grid points. The interpolated function is then multiplied by the analytic function and the result integrated. This method is described in Section IV. [Alternatively, one could assume that the entire integrand exhibits linear behavior between grid points, and use, e.g., Simpson's rule to calculate the integral. In the limit of sufficiently dense mesh, the two methods should give comparable results. The method employed here, though more difficult to program initially, should be more accurate with fewer mesh points.]
One pitfall of numerical integration schemes is the necessity to evaluate functions that are ratios of two expressions, for which both denominator and numerator can be very small. (Equation (16), for example, contains this kind of function.) These functions must be evaluated by taking the limits correctly. In this appendix three such limiting cases are discussed in detail.
: Exponential
The expression from Eq. (1 8) involving the differences between two exponentials, can be rewritten in the form 2 2 -.,? 1 -e -(x,+1-xt ) x,?+,-x,?
Q , = -e
In this form the final fiaction is clearly just the sum x i + , + x i . The fraction involving the exponential can be expanded using the Taylor series for exponentials, . . . , A variety of numerical techniques are available for evaluation of the error function, with a range of validity appropriate to the particular technique. The technique that seems to work best for evaluating differences of error functions, in the case when the difference between the arguments is small, is to use the expansion whose first terms are given by -J?; , then two kinds of data files are needed. The first is an experimental dzfferential data file, which is used (if at all) only to generate the energy-grid on which the integrals are to be calculated; the type of data and values of the cross sections in this file are ignored. The second kind of data file contains the experimental integral data itself and is designated as the "NTG" file.
In the NTG file, each type of integral data is specified by a unique five-character name, which is given in Columns 1-5 of the appropriate card. Names can be either capitals or lower case, and the ordering is arbitrary. Only those data types for which experimental measurements exist need to be specified; others can simply be omitted from this file. When the INPut and PARameter files specify more than one nuclide (isotope), SAMMY will calculate the integral quantities for each nuclide separately, ignoring the abundances specified in INPut and/or PARameter files. Integral data are assumed to be for a specific nuclide; it is important to note that the ordering of the nuclides must be the same in the NTG file as in the PAR file.
Correlations between experimental data are also given in the NTG file.
The name of the integral data file is given directly after the name of the differential data file, in the "interactive or batch input to SAMMY." Details for the format of the NTG file are given in Table 3 (Table VI .I.2. in the SAMMY manual). CONST For resonance integral data, CONST is the maximum energy for integrand, and CONST2 is the remainder to be For average integral data, CONST is the lower limit on the integral and CONST2 the upper. For K I, CONST is the value of v. For Watt spectrum average, CONST = a and CONST2 = b.
Repeat cards 2-5 as many times as needed. Repeat Card 9 as many times as needed 10, 11, etc. 12 (Blank) 
